This paper addresses the treatment of arsenic(III) contaminated water by adsorption technique using an unconventional adsorbent, feldspar. The removal of As(III) is dependent on contact time, concentration, pH and temperature of the solution, particle size of the feldspar and the agitation rate of the system. The maximum adsorption, i.e., 90.19%, was achieved after 100 min at the arsenic concentration 13.35 µmol L -1 , with 40 g L -1 of feldspar of particle size ≈200 µm at pH 6.5, temperature 20 ± 0.5°C and agitation rate 125 rpm. The pH of the system has played a key role in the uptake, and pH 6.5 has been determined as optimum. The process of uptake is exothermic and follows the first-order adsorption rate expression. The applicability of the Langmuir isotherm was tested for the As(III)-feldspar system at optimum conditions. The diffusion coefficients as well as thermodynamic parameters have been determined to explain the results. A model has been developed to predict the uptake capacity of the adsorbent under certain given conditions.
Introduction
Arsenic has been well known as a toxic element since ancient times (Ulman et al. 1998; Carrillo and Drever 1998; Fowle 1992) . It is introduced into the body through food, drinking water and ambient air (Ulman et al. 1998) . The major input of arsenic into the body is by drinking water, which is a significant sink for this pollutant. The maximum contamination limit (MCL) for arsenic in drinking water is 0.05 mg L -1 . This limit is often exceeded owing to the input of industrial effluents and volcanism resulting in acute and chronic arsenic poisoning and other adverse effects on living systems. The toxicological effects of arsenic vary greatly according to its oxidation state; As(III) is more toxic than As(V) and methylated arsenic compounds (Singh et al.1988) . The effects of arsenic poisoning can vary from skin pigmentation and development of ulcers during initial stages, to skin, liver and renal deficiencies and eventually cancer in severe cases. Other disruptive effects include diarrhea and social rejection as the disease is often confused with leprosy. Its ingestion disturbs the nervous system and causes carcinogenic effects on living beings (Shen and Chen 1964) . A number of cases of arsenic poisoning by drinking water have been reported in the state of West Bengal of India (Pallova and Jocelyn 1996) .
Various techniques (Prasad 1994) have been documented for the removal of arsenic from water and wastewater such as precipitation with iron and aluminium hydroxides, reverse osmosis, ion exchange and adsorption. Of these, adsorption is especially important in mining areas where arsenic and other pollutants are being released to the environment (Sweener et al. 1994; Ovarfort 1992) . Moreover, this technique has an added advantage of having no sludge disposal problems as compared with the conventional precipitation technique, and the regeneration of the adsorbent makes the system economical (Singh et al. 1988) . Currently, it is extensively documented that arsenic is adsorbed onto different mineral surfaces (Carrillo and Drever 1998; Bowell 1994; Vander Hock et al. 1994 ) and other adsorbents like activated carbon (Huang and Fu 1984) , metal-treated activated carbon (Huang and Vane 1989; Kobayashi et al. 1984) , activated alumina and bauxite (Gupta and Chen 1978) , oxides and clay minerals (Frost and Griffin 1977; Malotky and Anderson 1976; Matis et al. 1997) . In the present study, the authors have selected the abundantly available and cheap adsorbent feldspar for arsenic removal.
Materials and Methods
The adsorbent used in the present study, feldspar, is a rock-forming mineral and constitutes about two-thirds of igneous rocks. Chemically, it is a hydrated aluminosilicate of sodium and is found all over the world. It was collected from the Banderkuppi area of Dist. Giridih, Jharkhand, India. The sample was finely ground and sieved to obtain average particle sizes of 100, 125, and 200 µm, and used without any pretreatment. Indian standard methods (Singh et al. 1996) were used for chemical analysis and characterization of feldspar. All the chemicals used were of analytical reagent grade. Different solutions of desired concentrations were prepared by dissolving NaAsO 2 in de-ionized water.
The adsorption experiments were carried out using a completely mixed batch reactor (CMBR) technique by shaking 1.0 g of feldspar with 25 mL of aqueous solution of As(III), of desired concentration and pH. This is completed at different temperatures with various sizes of feldspar particles, at different agitation rates in polythene bottles in a rotary thermostat. In each experiment only one parameter (i.e., concentration, pH, temperature, particle size or agitation rate) was changed, keeping the others fixed. The variable conditions for the experiment are described under Results and Discussion below. The pH of the solution was adjusted by NaOH/HCl solutions. At various intervals of time, the suspensions were taken out and centrifuged at 10,000 rpm for two min. The As(III) concentration in the supernatant was determined spectrophotometrically (Milton Ray, Spectronic 20 D) by using a silver di-ethylthiocarbomate method (Sandell 1959) .
Results and Discussion

Characterization of Adsorbent
Alumina and silica are the major constituents of feldspar while other metal oxides are present in traces or small amounts (Table 1) . Figure 1 shows the effect of As(III) concentration on the extent of adsorption as a function of time. This also depicts that the removal of As(III) increases with the lapse of time and attains an equilibrium in 100 min for each concentration. The equilibrium period was found to be independent of the initial arsenic concentration. The adsorption rates were initially rapid because of the readily accessible sites on the adsorbent resulting in a decrease in the percentage removal of the pollutant species with an increase in initial concentration. The maximum removal at saturation was found to be 90.19% at 13.35 µmol L -1 initial concentration of As(III) solution (pH 6.5, agitation rate 125 rpm, adsorbent of particle size ≈200 µm and temperature 20 ± 0.5°C).
Effect of Contact Time and Initial Solute Concentration
Effect of pH
A significant change in the extent of adsorption has been found with an increase in pH from 5.0 to 11.0. It is clear from Fig. 2 that almost no significant change was observed in the amount adsorbed in the pH range of 2.8 to 5.0 and thereafter the removal increased abruptly and reached a maximum at pH 6.5. This was followed by a sharp decrease in 
.79 µmol L -1 (•) and 133.39 µmol L -1 (■). Conditions: particle size <200 µm; agitation rate 125 rpm; pH 6.5; and temperature 20 ± 5°C. the adsorption density. This trend is supported by earlier studies (Gupta and Chen 1978; Ferguson and Anderson 1974; Frost and Griffin 1977) using amorphous hydroxides and other adsorbents for arsenic removal.
The predominance diagram (Fig. 3 ) of arsenite shows that the neutral H 3 AsO 3 species are dominant within the pH range of 2.0 to 9.0. Further, in extreme acidic conditions, the adsorbent surfaces are highly protonated and such a situation is not favourable for As(III) removal. Therefore no significant change in the extent of adsorption was observed within the pH range of 2.8 to 5.0. With the increase in the pH of the system, the degree of protonation of the surface reduces gradually, favouring the interaction of the H 3 AsO 3 species with the surface. This results in an increase in the percentage removal, which was found maximum at an approximate pH of 6.5, where only neutral species H 3 AsO 3 are available (Fig. 3) .
In an alkaline medium, the negatively charged H 2 AsO 3 -species start dominating (Fig. 3) and the surface also tends to acquire negative charges. This change in adsorbate species and adsorbent surface will continue to increase with an increase of pH. This will cause a gradual increase in the repulsive forces between the adsorbent surface and adsorbent species, resulting in a decrease in adsorption. A similar mechanism has been suggested by Gupta and Chen (1978) for As(III) and Hingston et al. (1967) for As(V) uptake.
Effect of Temperature
The extent of removal of As(III) from the solution at an initial concentration of 133.49 µmol L -1 decreased from 1.80 to 1.36 µmol g -1 when the temperature was increased from 20 to 40°C (Fig. 4) at a pH of 6.5, agitation rate 125 rpm and an adsorbent particle size of ≈200 µm. This may be attributed due to a relative increase in the escaping tendency of the arsenic species from the adsorbent surface to the solution with the rise in the temperature of the system. This indicates the exothermic nature of the process. Similar results have been found in previous cases with another adsorbent (Singh et al. 1988) . The results were also supported by the thermodynamic parameters such as free energy (∆G), enthalpy (∆H) and entropy (∆S) changes during the removal process. These parameters (Table 2) were calculated at different temperatures using following equations:
T where K, K 1 and K 2 are equilibrium constants at temperatures T, T 1 and T 2 , respectively. Values of K, K 1 and K 2 were calculated by the slope of tangent of plot q e versus C e for different temperatures (i.e., 20, 30 and 40 ± 0.5°C). The negative values of free energy change indicate that the process of adsorption is spontaneous, i.e., the adsorptive forces are quite strong to overcome the potential barrier. Enthalpy changes at different temperatures were found to be negative which confirms the exothermic nature of the process, while the negative values of ∆S suggest the probability of favourable adsorption. 
Adsorption Isotherm Study
The equilibrium data for the adsorption of As(III) from the aqueous solution on feldspar at temperatures 20, 30 and 40 ± 0.5°C were analyzed by the following rearranged Langmuir equation (Weber 1972) :
where C e (µmol L -1 ) and q e (µmol g -1 ) are concentrations of solute remaining in the solution and the amount of the solute adsorbed per unit weight of adsorbent at equilibrium. Q o and b are Langmuir constants related to adsorption capacity and energy of adsorption, respectively.
The linear plots of 1/q e versus 1/Ce (Fig. 5) show the applicability of the Langmuir model at various temperatures, consequently suggesting the formation of monolayer coverage of the adsorbate on the surface of adsorbent in the concentration range studied. The values of Q o and b (Table 2) at different temperatures were calculated graphically from the slope and intercepts of the respective plots. The values of Q o , which is the measure of adsorption capacity, decreased with rise in temperature and therefore the decrease in the uptake with an increase in temperature was expected, and was fully supported by the present findings. An analogous trend was observed with the Langmuir constant b. 
Adsorption Dynamics
The rate constants of adsorption K ad for the removal of As(III) by feldspar at temperatures 20, 30 and 40 ± 0.5°C were determined by the following first-order rate expression (Lagergren 1898):
Kad log (q e -q) = log q e ------t (5) 2.303
where q e and q (both in µmol g -1 ) are the amounts of adsorbate adsorbed at equilibrium and any time, t, respectively. The linearity of the plots, log (q e -q) versus t (Fig. 6) indicates the applicability of the above equation. The values of rate constants at 20, 30 and 40 ± 0.5°C were calculated from the slopes of these plots (Table 2 ) which decreased with rise in temperature. This supported the findings, i.e., the decrease in the uptake amount of As(III) and exothermic nature of the process.
The data was also tested for pore diffusion using the following equation (Huang and Ostovic 1978) : where K' is rate constant for pore diffusion. The plots of q versus t (Fig. 7) at different temperatures are linear within a certain extent but do not pass through the origin. This shows that the pore diffusion is not the only rate-controlling step (Singh et al. 1993) . This possibility was again tested by determining the pore diffusion coefficient, D -, from the following equation (Singh et al. 1988) :
where t is the time (s) for half adsorption and r o is the radius (cm) of the adsorbent particles. According to Michelsen et al. (1975) , a D -value of the order of 10 -11 cm 2 s -1 is indicative of intraparticle diffusion as the rate-determining step. In this investigation the value of D -is in the order of 10 -9 cm 2 s -1 , which indicates that the intraparticle diffusion is not the only rate-controlling step (Michelsen et al. 1975) . As a result, it may be concluded that both film and pore diffusion are involved in the removal process.
Effect of Particle Size
It was observed (Fig. 8) that with an increase in adsorbent particle size from 100 to 200 µm, the extent of As(III) removal decreased from 69.94 to 1 /2 1 /2 1 /2 Fig. 7 . Plot of amount adsorbed versus t 1 /2 for the intraparticle transport of As(III) on feldspar at 20°C (• •), 30°C (∆), and 40°C (■ ■ ). Conditions: As(III) concentration 133.49 µmol L -1 ; pH 6.5; particle size <200 µm; and agitation rate 125 rpm.
53.91 µmol g -1 at an arsenic concentration of 133.35 µmol L -1 , pH 6.5, agitation rate 125 rpm and temperature 20 ± 0.5°C. These findings have again been supported by the values of the rate constant (K ad ) (Table 2) which are higher for smaller particles. This may be explained on the basis of surface area per unit mass available for the adsorption of As(III) which will be greater for smaller particles. This accords well with our earlier findings (Singh et al. 1993 (Singh et al. , 1996 . Thus, the extent and rate of adsorption both increase with the decrease of particle size. This may be attributed to:
a) The increased surface area of the adsorbent due to smaller particle size will attract more adsorbate species on its surface as the number of active sites increases. b) Smaller particles move faster in solution than larger ones, hence there will be a greater shearing effect due to collections and intraparticle effect on their surface. c) When the diffusive path length into the interior of the adsorbent particles is reduced, the adsorbate species require less energy to jump from one active site to another active site and thus the rate of jump, and finally the adsorption, increases.
Effect of Agitation Rate
From Fig. 9 it is noted that the extent of removal of As(III) increased from 1.71 to 1.93 µmol g -1 with an increase in agitation rate from 50 to 125 rpm at an arsenic concentration of 133.35 µmol L -1 , pH 6.5, adsorbent particle size of ≈200 µm and temperature 20 ± 0.5°C, beyond which it is almost constant. The values of rate constant (K ad ) for the present system at different agitation rates (Table 2 ) also show a similar trend with the change in agitation rate. Thus, it is inferred that the rate of adsorption is controlled by the degree of agitation to a certain extent. This is because the increasing agitation reduces the boundary layer resistance to mass transfer and increases the mobility of the system. This observation is in conformity with the observations of Weber (1972) and Mckay (1980) .
Predictive Parametric Model
The cumulative effect of several independent variables, such as contact time, initial solute concentration, particle size of the adsorbent and agitation rate of the system, on a dependent variable [percentage As(III) removal], has been studied using multiple regression analysis (MRA). The results show that the independent variables have a significant cumulative effect on the percentage removal. With the help of these data, the following model equation has been suggested to predict the uptake of As(III) under given boundary conditions:
where (values denote significance at 1% level) Y is the predicted value of percentage removal of As(III); X 1 is contact time; X 2 is concentration of solute; X 3 is agitation rate; and X 4 is particle size of the adsorbent (only the significant variables are used to predict the value of Y). Table 3 enlists the predicted values (calculated with the help of equation 8) and the experimental values. It may be seen that the predicted values are quite close to the experimental values. The insignificance of some variables may be due to higher variability of the data or cross effects of other variables, which are responsible for the deviation. 
Conclusions
1. The removal of As(III) from aqueous solutions seems feasible by adsorption onto feldspar using CMBR technique. 2. The different parameters studied, i.e., retention time, initial solute concentration, agitation rate and particle size of the adsorbent have a cumulative effect on the extent of adsorption. 3. The removal of As(III) follows first-order kinetics and the process proceeds with monolayer coverage of the adsorbate.
